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Because the toxicity profile of ddC was different from that of AZT, we reasoned
that their combination might yield improved anti-HIV activity with lower toxicity
than either drug used alone, and in an extension of the same protocol, we treated an
additional six patients with an alternating regimen of AZT and ddC (Yarchoan et al.
1988). An alternating (rather than simultaneous) regimen was utilized because it
could be done quickly without the need for combination drug testing in animals.
This regimen was well tolerated, and the five patients who completed 9 weeks had
amean increase of 48 CD4 cells/mm? and tended to have a decrease in p24 antigen.
This trial was the first reported study of a combination regimen of effective anti-
HIV drugs. Subsequent studies confirmed that the AZT/ddC combination was well
tolerated in children and adults (Bozzette and Richman 1990; Pizzo et al. 1990) and
provided evidence that the combination of AZT and ddC, administered together,
provided better virologic and immunologic activity than AZT alone. ddC (zal-
citabine) was ultimately approved by the US FDA as an anti-HIV drug for use in
combination with AZT on June 19, 1992. This did not occur until after ddI (didano-
sine) had been approved, largely because of ddC’s relatively weak clinical activity
and problematic toxicity profile.

1.6 Development of Didanosine (2',3’-Dideoxyinosine, ddI)

Our group next turmed our attention to the purine analogues ddA and ddI. Both of
these compounds are phosphorylated in cells to 2',3’-dideoxyadenosine-5'-
triphosphate, which, like AZT-triphosphate and ddC-triphosphate, displayed activ-
ity against HIV RT (Ahluwalia et al. 1987, 1997; Cooney et al. 1987; Mitsuya and
Broder 1986, 1987; Yarchoan et al. 1989a). Once converted to the 5'-triphosphate
moiety, their cellular half-life is more than 12 h, compared to ~3 h for AZT 5’'-
triphosphate, and could thus potentially be administered only once or twice a day,
as a major advantage in treating a chronic infectious disease. Because it seemed
more straightforward, clinical development first focused on ddA, and a phase
I study of intravenous ddA was initiated in February, 1988 (Yarchoan et al. 1989c¢).

A barrier to development of these compounds as oral agents was that they rapidly
undergo solvolysis under acid conditions to form the free base and dideoxyribose
(Cooney et al. 1987); because the stomach is an acid environment, this could reduce
their oral absorption. Moreover, it was appreciated that adenine, a product of acid
cleavage of ddA that would form in the stomach, could cause renal damage (Linblad
et al. 1973); by contrast, the free base of ddI, hypoxanthine, did not have such toxic-
ity. Also, it was recognized that ddA was rapidly converted to ddI in plasma, so that
no matter which drug was administered, the form circulating in plasma would be
largely ddI. In cells, ddI was then phosphorylated to ddA-5'-triphosphate. For these
reasons, the focus of clinical development soon switched to ddI, and a phase I study
of this compound was started in October of 1988. To address the problem of acid
lability affecting oral absorption, the relatively simple approach was taken of admin-
istering ddI with antacids, and when given this way, adequate oral absorption was
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attained (Hartman et al. 1990; Yarchoan et al. 1989c). As with ddC, the discovery of
anti-HIV activity and preclinical development of these drugs was undertaken at the
NCI,; during its early development, ddI was licensed to Bristol-Myers Squibb Co.,
which became a partner in its development.

The NCI phase I trial of ddI, which involved 26 patients receiving the drug for up
to 42 weeks, showed evidence of anti-HIV activity, especially at the higher doses of
3.2 mg/kg every 12 h orally. In particular, patients had increases in their CD4 cells,
improved immunologic function, weight gain, and substantial decreases in HIV p24
antigen (Yarchoan et al. 1990b, 1989b). The principal toxicities were peripheral
neuropathy, liver function abnormalities, and rare cases of pancreatitis. Soon after
initiation of the NCI study, two others were initiated, one testing it once daily and
the other twice daily, and ddI in these trials was found to have similar activity and
toxicity profiles to that reported in the initial NCI trial (Cooley et al. 1990; Lambert
et al. 1990). In addition, a phase I/Il study initiated in children at the NCI showed in
addition that it could reverse HIV-associated developmental abnormalities (Butler
et al. 1991). Based on these results, several randomized trials were initiated; these
trials demonstrated that patients who had been receiving AZT (zidovudine) did bet-
ter if they were switched to ddI (didanosine) (Delta Coordinating Committee 1996;
Kahn et al. 1992; Spruance et al. 1994). Meanwhile, on October 9, 1991, even
before these randomized trials were completed, the US FDA approved ddI for both
children and adults with advanced AIDS based largely on the phase I data and pre-
liminary CD4 count data from the randomized trials. This approval gave physicians
another tool to fight HIV infection, and, as described below, it became possible for
physicians to consider combination therapy.

1.7 Impact of Anti-HIV Drugs

1.7.1 Highly Active Antiretroviral Therapy (HAART)

Based in part on the experience learned in developing combination chemotherapy
for lymphoma and other tumors, our group felt it likely that the treatment of HIV
would ultimately require drug combinations and started exploring this in the labora-
tory and clinic from the outset (Mitsuya et al. 1987b; Nguyen et al. 1993; Surbone
et al. 1988; Yarchoan et al. 1988). On an extension of the phase I trial of ddI, we
switched patients to a combination of AZT and ddI and found that some with
advanced HIV infection or AIDS could survive for 5 years or longer on this combi-
nation (Nguyen et al. 1995). In addition, several randomized trials showed that AZT
or other dideoxynucleosides used in combination were better than AZT alone and
that simultaneous use of these drugs was significantly better than their alternating
use (Collier et al. 1993; Hammer et al. 1996; Yarchoan et al. 1994). During this
period, work progressed on other HIV targets, and with the development of first
protease inhibitors (Kempf et al. 1990; McQuade et al. 1990; Meek et al. 1990;
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Miller et al. 1989; Roberts et al. 1990), it was possible to test combinations of three
drugs including two dideoxynucleosides and a protease inhibitor (Hammer et al.
1997). The testing of such regimens was greatly aided by development of method-
ologies to measure the viral load in plasma and to assess HIV resistance (Hirsch
et al. 1998; Mellors et al. 1996; Perelson et al. 1996). Certain regimens utilizing
three or more drugs, called highly active antiretroviral therapy (HAART), were
found to suppress HIV replication to undetectable levels in many patients, so that
the development of HIV drug resistance was halted or substantially slowed (Hammer
et al. 1997). This approach resulted in substantial immunologic restoration, clinical
improvement, and prolonged survival so that AIDS was converted from a rapidly
fatal disease to a manageable chronic illness. When HAART regimens were devel-
oped, much of the focus was on the contribution of the protease inhibitors. However,
it should be remembered that HAART regimens generally included two NRTI such
as zidovudine and didanosine and that three-drug regimens utilizing three NRTI
were subsequently also found to have excellent activity (Bomjoch et al. 2005),
although perhaps not as lasting as regimens utilizing two classes of drugs. It is also
noteworthy that despite much attention given to protease and integrase inhibitors,
NRTIs have remained the backbone of HIV therapy 25 years after their introduction
into the clinic. Contributing to the long-term utility of NRTT are their properties of
being relatively inexpensive to synthesize, being co-formulated easily with other
drugs, and having relatively minor pharmacokinetic interactions. Also, in many
cases, resistance to these drugs developed more slowly than to drugs in other classes.

1.8 Prevention of HIV Transmission

Another substantial health benefit of AZT was in preventing mother-to-child and-
other HIV transmission. A short course of antepartum AZT, intrapartum AZT, and

6-week administration of AZT to the newborn child reduced perinatal transmission

by approximately two-thirds in an initial trial (Connor et al. 1994), and adopting this

and related anti-HIV therapy around the time of birth has all but eradicated peripar-

tum transmission of HIV. In addition, recent studies have showed that administra-

tion of NRTT and other anti-HIV drugs can substantially reduce HIV transmission

in discordant couples (Celum and Baeten 2012; Grant et al. 2010), and such preex-

posure prophylaxis (PrEP) now holds great promise as a strategy to reduce the

spread of HIV (Cohen 2011).

1.9 Conclusions

When HIV was identified as the causative agent of AIDS, there was hope that this
would lead to an effective vaccine in short order, and the development of effective
antiviral therapy seemed far less promising. In the April 24, 1984, New York Times
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report of the press conference given by the Secretary of Health and Human Services
to announce the discovery of the cause of AIDS, it was stated that “Finding the
cause of AIDS will not necessarily lead to any treatment of the disease soon.... But
the finding led the American researchers to express the hope that a vaccine would
be developed and ready for testing in ‘about 2 years’” (Altman 1984). At that time,
patients with HIV infection almost always progressed to AIDS within 10 years or
so, and survival of AIDS patients was measured in months. Now, 28 years later,
there is no HIV vaccine available, and the most promising lead in this area is a
recent clinical trial showing suggestive evidence of a statistically significant but
slight protective effect with a prototype vaccine (Rerks-Ngarm et al. 2009). By con-
trast, effective anti-HIV drugs were rapidly developed and the first approved for use
within 3 years; with current combination regimens, the life expectancy of HIV-
infected individuals treated with antiretroviral therapy is better than that of indi-
viduals with type I diabetes and in some groups is approaching that of the general
population (Lewden et al. 2012; Lohse et al. 2007). Moreover, antiretroviral therapy
has proven to be effective in preventing mother-to-child transmission and even in
preventing transmission of HIV between sexual partners.

During the development of AZT and other dideoxynucleosides, it became appar-
ent early on that these drugs had substantial limitations; at tolerable concentrations,
HIV replication was only partially inhibited in vitro, and patients receiving these
drugs had only partial and transient clinical improvement, often accompanied by
substantial toxicity. We never claimed that these drugs, by themselves, would be the
answer to AIDS. Nonetheless, it can be argued that their development led the way
to the development of other drugs and that regimens using these drugs have dramati-
cally changed the face of AIDS.

Looking back, the intramural program of the NCI in the 1980s provided an out-
standing environment that facilitated the rapid development of early AIDS drugs
(Broder 2010a, b). In part because of the “Special Virus-Cancer Program,” the NCI
had considerable expertise in retroviruses, and soon after the Gallo group developed
the ability to isolate and grow HIV, we were able to rapidly transfer this technology
to our laboratory. Our group also had considerable immunologic expertise from our
previous studies of immunodeficiency disease. The NCI as a whole had substantial
expertise in nucleoside chemistry and had an established drug development pro-
gram that we could tap into for help in animal toxicology, formulation, and regula-
tory support. Working in an oncologic environment, we were willing to accept and
to be attuned for small advances. Also, during this period, we were able to do much
of our work as a small, isolated “SWAT team” and were not slowed by a require-
ment to go through multiple committees for each step of the process. Indeed,
because our group encompassed both a laboratory and clinical effort, we could
bring drugs to the clinic without a formal hand-off from one group to the other. We
should note that the FDA at the time recognized the urgency to develop drugs for
AIDS and expeditiously reviewed the applications and protocols for these trials.

During this period of early AIDS drug development, there was considerable con-
troversy that NCI resources were being used in what was viewed as a distraction
from the main mission of the NCI — cancer research. However, it is worth noting that
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these drugs, along with other anti-HIV drugs, dramatically reduced the incidence of
AIDS malignancies, especially those associated with low CD4 counts such as
Kaposi’s sarcoma or primary central nervous system lymphoma (Engels et al. 2006;
Herida et al. 2003; Jones et al. 1998). Thus, this work has in fact proven to be
extremely important in lowering the morbidity and mortality from AIDS-defining
cancers — a goal that is very much within the mission of the NCI.

The NCI continues to contribute to the development of anti-HIV therapy, and
Mitsuya and colleagues have more recently developed a fourth approved anti-HIV
drug, the protease inhibitor darunavir (Koh et al. 2003). This drug has been licensed
royalty free to the Medicines Patent Pool, a UNITAID/WHO initiative that aims to
provide new and effective drugs to developing countries. This is a response by the
United States Government and the NCI to critical the need for such drugs in
resource-limited areas. Along those same lines, in 2003, the United States
Government embarked on a program to make antiretroviral therapy available in
much of the developing world through the President’s Emergency Plan for AIDS
Relief (PEPFAR) (Broder 2010a; Walensky and Kuritzkes 2010). Billions of dollars
have been committed to PEPFAR, and along with public health measures to reduce
transmission, we are finally starting to see a reversal of the AIDS epidemic in many
regions of the developing world. It is estimated that more than 1.2 million deaths
have been avoided in 5 years by antiretroviral drugs provided by PEPFAR in South
Africa alone (Walensky and Kuritzkes 2010). It should also be noted that with
advances in the cost-efficient manufacture of antiretroviral drugs and their being
made available royalty free, antiretroviral therapy can now be administered in the
developing world for less than $350 per person per year (Goosby 2012). This
accomplishment is noteworthy in light of the concern raised during the initial devel-
opment of AZT and related drugs that they were too expensive to be used in the
developing world.
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GRL-0519, a Novel Oxatricyclic Ligand-Containing Nonpeptidic HIV-
1 Protease Inhibitor (PI), Potently Suppresses Replication of a Wide
Spectrum of Multi-PI-Resistant HIV-1 Variants In Vitro

Masayuki Amano,® Yasushi Tojo, Pedro Miguel Salcedo-Gémez,® Joseph Richard Campbell,®> Debananda Das,4 Manabu Aoki,>®
Chun-Xiao Xu,© Kalapala Venkateswara Rao, Arun K. Ghosh, Hiroaki Mitsuya®¢

Departments of Infectious Diseases and Hematology, Kumamoto University School of Medicine, Kumamoto, Japan®; Department of Medical Technology, Kumamoto
Health Science University, Kumamoto, Japan®; Departments of Chemistry and Medicinal Chemistry, Purdue University, West Lafayette, Indiana, USAS; Experimental
Retrovirology Section, HIV and AIDS Malignancy Branch, National Cancer Institute, National Institutes of Health, Bethesda, Maryland, USAS

We report that GRL-0519, a novel nonpeptidic human immunodeficiency virus type 1 (HIV-1) protease inhibitor (PI) containing
tris-tetrahydrofuranylurethane (tris-THF) and a sulfonamide isostere, is highly potent against laboratory HIV-1 strains and pri-
mary clinical isolates (50% effective concentration [EC,,], 0.0005 to 0.0007 M) with minimal cytotoxicity (50% cytotoxic con-
centration [CC;,], 44.6 pM). GRL-0519 blocked the infectivity and replication of HIV-1, ; variants selected by up toa 5 pM
concentration of ritonavir, lopinavir, or atazanavir (ECs,, 0.0028 to 0.0033 uM). GRL-0519 was also potent against multi-PI-
resistant clinical HIV-1 variants isolated from patients who no longer responded to existing antiviral regimens after long-term
antiretroviral therapy, highly darunavir (DRV)-resistant variants, and HIV-2;,,. The development of resistance against GRL-
0519 was substantially delayed compared to other Pls, including amprenavir (APV) and DRV. The effects of nonspecific binding
of human serum proteins on GRL-0519’s antiviral activity were insignificant. Our analysis of the crystal structures of GRL-0519
(30K9) and DRV (2IEN) with protease suggested that the tris-THF moiety, compared to the bis-THF moiety present in DRV, has
greater water-mediated polar interactions with key active-site residues of protease and that the tris-THF moiety and parame-
thoxy group effectively fill the S2 and S2’ binding pockets, respectively, of the protease. The present data demonstrate that GRL-
0519 has highly favorable features as a potential therapeutic agent for treating patients infected with wild-type and/or multi-PI-
resistant variants and that the tris-THF moiety is critical for strong binding of GRL-0519 to the HIV protease substrate binding
site and appears to be responsible for its favorable antiretroviral characteristics.

ombination antiretroviral therapy (cART) has had a major
impact on the AIDS epidemic in industrially advanced na-
tions. Recent analyses have revealed that mortality rates for hu-
man immunodeficiency virus type 1 (HIV-1)-infected persons
have become close to those of the general population (1-4). How-
ever, eradication of HIV-1 does not appear to be currently possi-
ble, in part due to the viral reservoirs remaining in blood and
infected tissues. Moreover, we have encountered a number of
challenges in bringing the optimal benefits of the currently avail-
able therapeutics for AIDS and HIV-1 infection to individuals
receiving cART (5-7). They include (i) drug-related toxicities, (ii)
inability to fully restore normal immunologic functions once in-
dividuals developed AIDS, (iii) development of various cancers as
a consequence of survival prolongation, (iv) flaring up of inflam-
mation in individuals receiving cART or immune reconstruction
syndrome (IRS), and (v) increased cost of antiviral therapy. Such
limitations and flaws of cCART are exacerbated by the development
of drug-resistant HIV-1 variants (8—12), although the recent first-
line cART with boosted protease inhibitor (PI)-based regimens
has made the development of HIV-1 resistance less likely over an
extended period of time (13).

Successful antiviral drugs, in theory, produce their virus-spe-
cific effects by interacting with viral receptors, virus-encoded en-
zymes, viral structural components, viral genes, or their tran-
scripts without disturbing cellular metabolism or function.
However, at present, no antiretroviral drugs or agents are likely to
be completely specific for HIV-1 or to be devoid of toxicity or side
effects in the therapy of AIDS. This is a critical issue, because
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patients with AIDS and its related diseases will have to receive
antiretroviral therapy for a long time, perhaps for the rest of their
lives. Thus, the identification of new classes of antiretroviral drugs
that have a unique mechanism(s) of action and produce no or
minimal side effects remains an important therapeutic objective.

We have been focusing on the design and synthesis of nonpep-
tidyl PIs that are potent against HIV-1 variants resistant to the
currently approved PIs. One such anti-HIV-1 agent, darunavir
(DRV) (Fig. 1), containing a structure-based designed privileged
nonpeptidic P2 ligand, 3(R),3a(S),6a(R)-bis-tetrahydrofurany-
lurethane (bis-THF) (14-16), has been approved as a first-line
therapeutic agent for the treatment of individuals who are infected
with HIV-1. In the present work, we examined and characterized
the nonpeptidic HIV-1 protease inhibitors GRL-0519 (17) and its
stereoisomer, GRL-0529, both of which contain the tris-THF moi-
ety and a sulfonamide isostere. We found that GRL-0519 exerts
highly potent activity against a wide spectrum oflaboratory HIV-1
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strains and primary clinical isolates, including multi-PI-resistant
variants with minimal cytotoxicity. In addition, GRL-0519 was
active against HIV-2; 4, as well as HIV-1 isolates examined. We
also selected HIV-1 variants with GRL-0519 by propagating a lab-
oratory wild-type HIV-1y,.5 in MT-4 cells in the presence of
increasing concentrations of GRL-0519 and determined the
amino acid substitutions that emerged under the pressure of GRL-
0519 in the protease-encoding region. In addition, we evaluated
the effects of nonspecific binding of physiological human serum
proteins on GRL-0519’s anti-HIV-1 activity. We further analyzed
the previously published crystal structure of GRL-0519 with pro-
tease (Protein Data Bank [PDB] ID, 30K9) to gain a better under-
standing of the present antiviral data. The crystal structure analy-
ses indicated that GRL-0519 has strong polar interactions with key
residues in the active site of the protease. GRL-0519 also has sev-
eral water-mediated polar interactions and tight van der Waals
interactions with protease residues, suggesting that GRL-0519
binds very tightly in the active site of the protease.

MATERIALS AND METHODS

Cells and viruses. MT-2 and MT-4 cells were grown in RPMI 1640-based
culture medium supplemented with 10% fetal calf serum (FCS) (JRH
Biosciences, Lenexa, MD), 50 units/ml penicillin, and 100 pg/ml kanamy-
cin. The following HIV strains were employed for the drug susceptibility
assay (see below): HIV-1y o1, HIV-1ygy 4 3 HIV-2r o, HIV-1grsi0apre (18),
clinical HIV-1 strains isolated from drug-naive patients with AIDS, and
six HIV-1 clinical strains that were originally isolated from patients with
AIDS who had received 9 to 11 anti-HIV-1 drugs over the past 32 to 83
months and that were genotypically and phenotypically characterized as
multi-Pl-resistant HIV-1 variants (19, 20). All primary HIV-1 strains
were passaged once or twice in 3-day-old phytohemagglutinin-activated
peripheral blood mononuclear cells (PHA-PBM), and the virus-contain-
ing culture supernatants were stored at —80°C until they were used as
sources of infectious virions.

Antiviral agents and human serum proteins. Roche Products Ltd.
(Welwyn Garden City, United Kingdom) and Abbott Laboratories (Ab-
bott Park, IL) kindly provided saquinavir (SQV) and ritonavir (RTV),
respectively. Amprenavir (APV) was a courtesy gift from GlaxoSmith-
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Kline, Research Triangle Park, NC. Lopinavir (LPV) was kindly provided
by Japan Energy Inc., Tokyo, Japan. Atazanavir (ATV) was a contribution
from Bristol Myers Squibb (New York, NY). Darunavir (DRV) was syn-
thesized as previously described (21). Human serum albumin (HSA) and
al-acid glycoprotein (AAG) were purchased from Sigma-Aldrich (St.
Louis, MO).

Drug susceptibility assay. The susceptibility of HIV-1,,; or HIV-
2pop to various drugs was determined as previously described with minor
modifications. Briefly, MT-2 cells (10*/ml) were exposed to 100 50% tis-
sue culture infectious doses (TCIDsq) of HIV-1; ,; or HIV-254 in the
presence or absence of various concentrations of drugs in 96-well micro-
culture plates and incubated at 37°C for 7 days. After incubation, 100 pl of
the medium was removed from each well and 3-(4,5-dimetylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) solution (10 wl, 7.5 mg/ml
in phosphate-buffered saline) was added to each well in the plate, followed
by incubation at 37°C for 2 h. After incubation to dissolve the formazan
crystals, 100 pl of acidified isopropanol containing 4% (vol/vol) Triton
X-100 was added to each well, and the optical density was measured in a
kinetic microplate reader (Vmax; Molecular Devices, Sunnyvale, CA). All
assays were performed in duplicate or triplicate. In some experiments,
MT-2 cells were chosen as target cells in the MTT assay, since these cells
undergo greater HIV-1-elicited cytopathic effects than MT-4 cells. To
determine the sensitivity of primary HIV-1 isolates to drugs, PHA-PBM
(10%/ml) were exposed to 50 TCIDs, of each primary HIV-1 isolate and
cultured in the presence or absence of various concentrations of drugs in
10-fold serial dilutions in 96-well microculture plates. In determining the
drug susceptibilities of certain laboratory HIV-1 strains, MT-4 cells were
employed as target cells as previously described, with minor modifica-
tions. In brief, MT-4 cells (10°/ml) were exposed to 100 TCID, of drug-
resistant HIV-1 strains in the presence or absence of various concentra-
tions of drugs and incubated at 37°C. On day 7 of culture, the supernatants
were harvested and the amounts of p24 (capsid [CA]) Gag protein were
determined by using a fully automated chemiluminescent enzyme immu-
noassay system (Lumipulse F; Fujirebio Inc., Tokyo, Japan) (22, 23). Drug
concentrations that suppressed the production of p24 Gag protein by 50%
(50% effective concentration [EC;,]) were determined by comparison
with the p24 production level in a drug-free control cell culture. All assays
were performed in duplicate or triplicate. PHA-PBM were derived from a
single donor in each independent experiment. Thus, to obtain the data,
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three different healthy donors were recruited. For determining the anti-
retroviral activity and cytotoxicity of a drug, we used the same cells and
cultured them for the same 7 days. The MTT assay was employed for
HIV-1 ,; and HIV-24p, while the p24 assay was employed for clinical
HIV-1 isolates and drug-resistant HIV-1 strains.

Creation of PI-resistant HIV-1 variants in vitro. MT-4 cells (10°/ml)
were exposed to HIV-1y;, 5 (500 TCIDs,) and cultured in the presence of
various PIs at an initial concentration equal to its ECs,. Viral replication
was monitored by the determination of the amount of p24 Gag produced
by MT-4 cells. The culture supernatants were harvested on day 7 and were
used to infect fresh MT-4 cells for the next round of culture in the presence
of increasing concentrations of each drug. When the virus began to prop-
agate in the presence of the drug, the drug concentration was increased
generally 2- to 3-fold. Proviral DNA samples obtained from the lysates of
infected cells were subjected to nucleotide sequencing. This drug selection
procedure was carried out until the drug concentration reached 5 LM, as
previously described (24-26). In the experiments for selecting drug-resis-
tant variants, MT-4 cells were also exploited as target cells, since HIV-1 in
general replicates at higher levels in MT-4 cells than in MT-2 cells, as
described above.

Determination of nucleotide sequences. Molecular cloning and de-
termination of the nucleotide sequences of HIV-1 strains passaged in the
presence of anti-HIV-1 agents were performed as previously described
(24). In brief, high-molecular-weight DNA was extracted from HIV-1-
infected MT-4 cells by using the InstaGene Matrix (Bio-Rad Laboratories,
Hercules, CA) and was subjected to molecular cloning, followed by se-
quence determination. The primers used for the first round of PCR with
the entire Gag- and protease-encoding regions of the HIV-1 genome were
LTR F1 (5'-GAT GCT ACA TAT AAG CAG CTG C-3') and PR12 (5'-
CTC GTG ACA AAT TTC TAC TAA TGC-3'). The first-round PCR
mixture consisted of 1 pul of proviral DNA solution, 10 ul of Premix Tag
(Ex Tag version; TaKaRa Bio Inc., Otsu, Japan), and 10 pmol of each of the
first PCR primers in a total volume of 20 pl. The PCR conditions used
were an initial 3 min at 95°C, followed by 35 cycles of 40 s at 95°C, 20 s at
55°C, and 2 min at 72°C, with a final 10 min of extension at 72°C. The
first-round PCR products (1 pl) were used directly in the second round of
PCR with primers LTR F2 (5'-GAG ACT CTG GTA ACT AGA GAT C-3')
and KSMA2.1 (5'-CCA TCC CGG GCT TTAATT TTA CTG GTA C-3")
under the following PCR conditions: an initial 3 min at 95°C, followed by
35 cycles of 30 sat 95°C, 20 s at 55°C, and 2 min at 72°C, with a final 10 min
of extension at 72°C (a stick diagram of HIV-1 genome PCR amplification
for sequence analysis is shown in Fig. S1 in the supplemental material).
The second-round PCR products were purified with spin columns
(MicroSpin S-400 HR columns; Amersham Biosciences Corp., Piscat-
away, NJ), cloned directly, and subjected to sequencing with a model 3130
automated DNA sequencer (Applied Biosystems, Foster City, CA).

Determination of replication kinetics of GRL-0519-resistant HIV-
1yp4s variants and wild-type HIV-1,; , ;. The GRL-0519-resistant vari-
ant at passage 37 was propagated in fresh MT-4 cells without GRL-0519
for 7 days, and aliquoted HIV-15,4%5,, viral stocks were stored at —80°C
until use. MT-4 cells (3.2 X 10°) were exposed to the HIV-15,4%55, or
wild-type HIV-1, , 5 preparation containing 10 ng/ml p24 in 6-well cul-
ture plates for 3 h, and the newly infected MT-4 cells were washed with
fresh medium and divided into 4 fractions, each cultured with or without
GRL-0519 (final concentration of MT-4 cells, 10*/ml; drug concentra-
tions, 0, 0.005, 0.01, and 0.015 uM). The amounts of p24 were measured
every 2 days for up to 7 days.

Generation of recombinant HIV-1 clones. To generate HIV-1 clones
carrying the desired amino acid substitutions, site-directed mutagenesis
was performed with a QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA), and the amino acid substitution-containing genomic
fragments were introduced into pHIV-1y; 4 35m,. Determination of the
nucleotide sequences of the plasmids confirmed that each clone had the
desired amino acid substitution but no unintended amino acid substitu-
tions. Each recombinant plasmid was transfected into COS7 cells with
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TABLE 1 Antiviral activities of GRL-0519 and -0529 against HIV-1 ,;
or HIV-2pap

ECso (M) CCso (pM)  Selectivity

Compound HIV-1;,, HIV-2z0n (=SD) index?
GRL-0519  0.0007 = 0.0005 0.0004 + 0.0002 44.6 = 3.5 63,714
GRL-0529  0.33 % 0.04 0.40 = 0.06 387 +37 118

sQv 0.026 = 0.006  0.003 = 0.001  19.8%*29 773

APV 0.033 £ 0.002 037 =0.11 847 £ 54 2,590
ATV 0.0048 = 0.0001 0.0077 = 0.0006 27.6 =2.7 5,520
DRV 0.0042 = 0.0006 0.0088 % 0.0004 152.7 * 10.1 36,357

4 MT-2 cells (10*/ml) were exposed to 100 TCIDs, of HIV-1; 5; or HIV-2,4p and
cultured in the presence of various concentrations of each PI, and the EC;, values were
determined using the MTT assay. All assays were conducted in duplicate, and the data
shown represent mean value (*1 standard deviation [SD]) derived from the results of
three independent experiments.

® Each selectivity index denotes a ratio of CCsg to ECsq against HIV-1; .

Lipofectamine LTX transfection reagent (Invitrogen, Carlsbad, CA), and
the infectious virions thus made were harvested for 72 h after transfection
and stored at —80°C until use.

Structural analysis of interactions of GRL-0519 and DRV with pro-
tease. The crystal structures of HIV-1 protease complexed with GRL-0519
or DRV were obtained from the protein data bank (PDB ID, 30K9 and
2IEN, respectively). The inhibitor conformation with the higher occu-
pancy in the crystal structure was considered for analysis. Bond orders
were properly assigned to the inhibitor molecules. Hydrogens were added
to all the heavy atoms, and their positions were optimized in an OPLS2005
force field (27) with constraints on heavy atom positions. A cutoff dis-
tance of 3.0 A between a polar hydrogen and oxygen or nitrogen was used
to determine the presence of hydrogen bonds. The structures were ana-
Iyzed using Maestro version 9.3 (Schrédinger, LLC, New York, NY, 2012).

RESULTS
Antiviral activities of GRL-0519 and -0529 against HIV-1, ,; and
HIV-2gop and their cytotoxicities. We first examined the antivi-
ral potencies of GRL-0519 and -0529 against a variety of HIV-1
isolates. GRL-0529 showed only moderate anti-HIV-1 activity
against a laboratory wild-type HIV-1 strain, HIV-1;,;, and an
HIV-2 strain, HIV-2yop, with EC54s 0f 0.33 and 0.40 M, respec-
tively (Table 1). Conversely, GRL-0519 was extremely potent
against HIV-1; ,;, with an EC, of 0.0007 WM compared to other
clinically available Food and Drug Administration (FDA)-ap-
proved PIs examined, including DRV (Table 1), as assessed with
the MTT assay using MT-2 target cells, while its cytotoxicity was
evident only at high concentrations (50% cytotoxic concentration
[CCsol, 44.6 pM) and the selectivity index proved to be highly
favorable at 63,714 (Table 1). GRL-0519 was also very potent
against HIV-2y5p, with an EC, 0f 0.0004 M (Table 1).
GRL-0519 is potent against various PI-selected laboratory
HIV-1 variants. We also examined GRL-0519 against an array
of HIV-1y 4.5 variants, which had been selected by propagating
HIV-1y14.5 in the presence of increasing concentrations (up to 5
M) of each of 4 FDA-approved PIs (RTV, APV, ATV, and LPV)
in MT-4 cells (24). Such variants had acquired various PI resis-
tance-associated amino acid substitutions in the protease-encod-
ing region of the viral genome (Table 2, note a). Each variant was
highly resistant to the PI by which the variant was selected and
showed significant resistance, with an ECs, of >1 wM. GRL-0519
was highly active against all the variants (except HIV-1,py"s,00)>
with ECy4s of 2.8 to 3.3 nM (differences were 6- to 7-fold greater
compared to those against HIV-1,;;, ;) (Table 2).
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TABLE 2 Antiviral activities of GRL-0519 and -0529 against laboratory PI-resistant HIV-1 variants

EC,, (nM)?
Virus® GRL-0519 GRL-0529 APV ATV LPV TPV DRV
HIV-1yp43 0.5+ 0.1 356.3 + 33.8 249 £ 0.1 4.2+ 1.1 37.8 =45 362.9 = 104.4 3.9*06
HIV-lgry®sum 2.8 = 0.4 (6) 504.3 * 26.6 (1) 5329 =25.9(21) 36.4 % 3.0 (9) 501.2 = 44.9 (13) 402.1 £56.1(1) 29.1 *2.1(7)
HIV-1,p%s  38.0 = 0.9 (76)  >1,000 (>3) >1,000 (>40) 371.0 = 7.8 (88)  >1,000 (>26) >1,000 (>3) 368.5 = 32.4 (94)
HIV-1,1N5m 33+ 1.6 (7) 376.9 + 164.8 (1)  390.0 = 11.1 (16) >1,000 (>238)  >1,000 (>26) >1,000 (>3) 28.1 = 6.4 (7)
HIV-1py 5 322 04(7) >1,000 (>3) 420.1 = 61.9 (17) 351 = 4.7 (8) >1,000 (>26) >1,000 (>3) 32.9 = 1.3 (8)

2 The amino acid substitutions identified in the protease-encoding region compared to the wild-type HIV-1yy 4.5 include the following: M46l, V82F, and 184V in HIV-1rry®s s
L10F, V321, M461, 154 M, A71V, and 184V in HIV-1,pRs,, L23], E34Q, K431, M461, I50L, G514, L63P, A71V, V824, and T91A in HIV-1,1y s,z and L10F, M46L, 154V, and

V82A in HIV-1 50

b The ECs, values were determined by using MT-4 cells as target cells. MT-4 cells (10%/ml) were exposed to 100 TCIDs, of each HIV-1 strain, and the inhibition of p24 Gag protein
production by each drug was used as an endpoint. The numbers in parentheses represent the fold changes of ECsqs for each isolate compared to the ECss for HIV-1yy 4.5. All assays
were conducted in duplicate or triplicate, and the data shown represent mean values (£1 SD) derived from the results of two or three independent experiments.

GRL-0519 exerts potent activity against highly PI-resistant
clinical HIV-1 isolates. In our previous work, we isolated highly
multi-Pl-resistant primary HIV-1 strains, HIV-1p/m HIV-
lvore HIV-1yorie HIV-1yprrv HIV-1yprvos and HIV-
Impryses from patients with AIDS who had failed then-existing
anti-HIV regimens after receiving 9 to 11 anti-HIV-1 drugs over
32 to 83 months (19, 20). These primary strains contained 9 to 14
amino acid substitutions in the protease-encoding region, which
have reportedly been associated with HIV-1 resistance against var-
ious PIs (Table 3, note a). The potency of APV, ATV, and LPV
against such clinical multidrug-resistant HIV-1 strains was signif-
icantly compromised, as examined in PHA-PBM as target cells
using p24 production inhibition as an endpoint (Table 3). How-
ever, GRL-0519 exerted quite potent antiviral activity, and its
ECq,s against those clinical variants were quite low: 0.8 to 3.4 nM
(Table 3). The antiviral activity of GRL-0519 proved to be most

potent against the six multidrug-resistant clinical HIV-1 variants
examined compared to the four FDA-approved PIs (APV, ATV,
LPV, and DRV). We also examined the antiviral activity of GRL-
0519 against highly DRV-resistant variants (28). These variants
were created using the mixture of 8 highly multi-PI-resistant clin-
icalisolates as a starting HIV-1 source and selected with increasing
concentrations of DRV. GRL-0519 maintained its activity against
highly DRV-resistant MDR mixtures (ECs, 5.6 to 30.0 nM), being
more potent than DRV by 7.8- to 8.5-fold (Table 3). Overall, GRL-
0519 exerted stronger antiviral activity against various wild-type
HIV-1 strains, drug-resistant variants, and HIV-2 strains than
DRV by 5- to 22-fold. Furthermore, GRL-0519 was more potent
than APV by 118- to 925-fold against HIV-2;4p and drug-resis-
tant variants (Tables 1 to 3).

Effects of human serum proteins on the antiretroviral activ-
ity of GRL-0519. The binding of human serum proteins to a

TABLE 3 Antiviral activities of GRL-0519 and -0529 against multidrug-resistant clinical isolates and highly DRV-resistant MDR mixtures in PHA-

PBM
ECs, (nM)®
Virus® GRL-0519 GRL-0529 APV ATV LPV DRV
HIV-Lyr/ersiodpre 0.6 = 0.2 347.4 %+ 27.3 33.8 = 5.1 2.7 0.6 314 = 4.2 3.9+ 0.6
HIV-1yprs (X4) 3.4 % 0.5 (6) 611.8 + 72.8 (2) 459.4 +99.2 (14) 469.7 * 7.4 (174) > 1,000 (>32) 27.8 5.9 (7)
HIV-1yprc (X4) 0.8 =0.2(1) 514.4 *+ 130.6 (1) 346.1 + 55.2 (10) 38.8 + 2.8 (14) 436.5 = 3.5 (14) 10.3 * 2.4 (3)
HIV-Typrg (X4) 2.6 + 1.3 (4) 655.8 = 292.9 (2) 462.6 = 64.5 (14) 19.4 = 7.5 (7) 181.3 * 23.0 (6) 27.8 =52 (7)
HIV-lypr/mm 2.1%03(4) 530.0 = 74.7 (2) 476.4 + 8.1 (14) 74.5 * 2.6 (28) 422.9 * 82.0 (13) 30.0 = 1.0 (8)
(X4)
HIV-1 o/ 2.5+ 0.5 (4) 787.4 + 251.4 (2) 338.9 + 15.5 (10) 204.8 + 23.5 (76) 622.5 = 82.0 (20) 13.3 = 6.2 (3)
(R5)
HIV-1yprist 2.5+ 0.2 (4) > 1,000 (>3) 436.3 = 90.4 (13) 211.3 * 98.6 (78) > 1,000 (>32) 22.1 % 9.3 (6)
(R5)
HIV-1ppv™iop 5.6 = 0.4 (9) > 1,000 (>3) > 1,000 (>32) 322.9 + 10.4 (77) > 1,000 (>32) 43.4 + 134 (11)

HIV- lDRVRZOP

30.0 = 9.8 (50)

> 1,000 (>3)

> 1,000 (>32)

> 1,000 (>370)

> 1,000 (>32)

255.2 = 4.0 (64)

4 The amino acid substitutions identified in the protease-encoding region compared to the consensus type B sequence cited from the Los Alamos database include the following:
L63P in HIV-lgps) gspres L10L, K14R, L331, M361, M461, F531, K55R, 162V, L63P, A71V, G735, V82A, L90 M, and 193L in HIV-1yypps; L10L, 115V, K20R, L241, M361, M46L, I54V,
162V, L63P, K70Q,V82A, and L8 M in HIV-1ypg,c; L10L, V11, T12E, 115V, L191, R41K, M46L, L63P, A71T, V82A, and L0 M in HIV-1, 1,5 ; L10I, K14R, R41K, M46L, 154V,
L63P, A71V, V82A, L90 M, and I93L in HIV-1yprmas L10I, K43T, M46L, 154V, L63P, A71V, V82A, 190 M, and Q92K in HIV-1ypr s L101, L241, I133F, E35D, M361, N378S,
M46L, 154V, R57K, 162V, L63P, A71V, G738, and V82A in HIV-1y5p 5615 L10L, 115V, K20R, L241, V321, M36I, M46L, 154V, 162V, L63P, K70Q, V82A, and L88 M in
HIV-1pgy®iops and L10I, 115V, K20R, L1241, V321, M361, M46L, L63P, A71T, V824, and L88 M in HIV-1ppy 00 HIV-1gggioapre Served as a source of wild-type HIV-1. DRV-
resistant HIV-1 variants (HIV-1ppyR, op and HIV-1p5,"50p) were selected in vitro by propagating a mixture of eight HIV-1, 5 isolates in the presence of increasing concentrations
of DRV in MT-4 cells. Six of the eight isolates were the same as those described above. Amino acid substitutions identified in proteases of the other two isolates compared to the
consensus type B sequence cited from the Los Alamos database include the following: L10L, 115V, E35D, N37E, K45R, 154V, L63P, A71V, V82T, L90 M, I93L, and C95F in HIV-

Inorsas L10R, N37D, M461, 162V, L63P, A71V, G738, V741, V82T, L90 M, and 193L in HIV-1ysmr/s.

b The ECj, values were determined by using PHA-PBM as target cells, and the inhibition of p24 Gag protein production by each drug was used as an endpoint. The numbers in
parentheses represent the fold changes of ECss for each isolate compared to the ECss for HIV-1grs)4pre- All assays were conducted in duplicate or triplicate, and the data shown
represent mean values (=1 SD) derived from the results of three independent experiments. PHA-PBM were derived from a single donor in each independent experiment.
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TABLE 4 Nonspecific binding effects of human serum proteins on
GRL-0519’s antiviral activity

ECso (aM)®
Compound None HSA AAG
GRL-0519 0.6 + 0.2 L9+ 1.1 (3) 2.4+ 0.3 (4)
GRL-0529 347.4 =273 351.5 = 22.7 (2) 649.0 = 48.9 (2)
APV 315 %55 30.5 £2.6(1) 286.3 * 14.8 (9)
ATV 2706 14.6 = 1.2 (5) 32.7 £15.9(12)
LpvV 31442 32.5+2.7(1) 232.1 £15.2(7)
DRV 39x1.0 74 *=1.2(2) 33.8£35(9)

“ HSA (40 mg/ml) or AAG (10 uM) was used to evaluate the binding effects of human
serum proteins on GRL-519 and -529 antiviral activities. The EC,, values against HIV-
Lersi04pre With or without HSA or AAG were determined by p24 assay using PHA-PBM
as target cells, and the inhibition of p24 Gag production by each drug was used as an
endpoint. The numbers in parentheses represent the fold changes of the EC, values
compared to the values without HSA or AAG. The data shown represent mean values
derived from the results of two or three independent experiments. PBM were derived
from a single donor in each independent experiment.

drug is an important determinant of its pharmacological activ-
ity in vivo, because overly tight binding may result in reducing
interactions between the drug and its target (29). We thus de-
termined the effects of the binding of HSA and AAG on GRL-
0519’s antiretroviral activity in vitro. Physiologically normal
concentrations of HSA (40 mg/ml) and AAG (10 pM) were
used to evaluate their binding effects on GRL-0519’s activity
against a wild-type clinical isolate, HIV-lgrgigapre- All four
FDA-approved drugs substantially maintained their activity in
the presence of HSA, with reduction of activity by up to 5-fold
relative to the activity in the absence of additional HSA (Table
4). The activities of those PIs were reduced in the presence of
AAG by 7- to 12-fold (Table 4). However, the binding effects of
both HSA and AAG on GRL-0519’s activity were insignificant,
only a 3- to 4-fold difference. Of note, GRL-0519’s EC5,s with
HSA or AAG (1.9 to 2.4 nM) significantly exceeded those of the
four FDA-approved Pls (Table 4).

In vitro selection of HIV-1 variants resistant to GRL-0519.
We next attempted to select HIV-1 variants resistant to GRL-0519
by propagating a laboratory HIV-1 strain, HIV-1y;, 5, in MT-4
cells in the presence of increasing concentrations of GRL-0519 as
previously described (24). HIV-1y;,.; was initially exposed to
0.0007 .M GRL-0519 and underwent 37 passages, after which the
concentration of GRL-0519 was found to have increased 19-fold
(0.0131 pM) compared to that at the initiation of selection. Judg-
ing from the amounts of p24 Gag protein produced in the culture
medium (up to ~282 ng/ml), the replicative capacity of HIV-
Inras at passage 37 (HIV;,g8ps;) was thought to have been
reasonably well maintained. Compared to the kinetics of the
emergence of variants resistant to APV, the emergence of GRL-
0519- and DRV-resistant variants was substantially delayed (Fig.
2). Of note, HIV-1 variants resistant to APV and capable of repli-
cating at >5 uM emerged by passage 20, and variants resistant to
GRL-0529, replicating at >1 puM, emerged by passage 6, while it
became fairly difficult to increase the concentrations of DRV and
GRL-0519 around and beyond passage 20, since the virus popula-
tions ceased to replicate with further increased concentrations.

The protease-encoding region of the proviral DNA isolated
from infected MT-4 cells was cloned and sequenced at passages 6,
13,22,29,and 37 under GRL-0519 selection. The sequences of the
region cloned and the percent frequency of identical sequences at
each passage are depicted in Fig. 3. By passage 13, the wild-type
protease gene sequence was seen in 7 of 19 clones, although an
N37S substitution was noted in 10 of the 19 clones. However, by
passage 22 and beyond, N37S disappeared, and the virus had
mostly acquired K431 and A71T substitutions. As the passages
proceeded, greater numbers of amino acid substitutions emerged.
At passage 29, V82I substitution was seen in 16 of 22 clones, and
V821 became dominant by passage 37 (25 of 26 clones). An L33V
substitution was also observed in 4 of the 26 clones by passage 37.
Reportedly, APV-resistant HIV-1 variants contain V32I, 150V,
1541L/M, L76V, 184V, and L90M substitutions (30, 31), and such
substitutions were also identified in the present study (data not

GRL-0529
1
:2:,» 01 ¢
© 3
8
8 ¢
T
[9]
Q
&5 001 &
(&)
j=] 3
g : GRL-0519
0.001
‘,
0.0001 ; N )
1 5 10 15 20 25 30 35 40
Passages (wk)

FIG 2 Invitro selection of PI-resistant HIV-1 variants. HIV-1y, , 5 was propagated in MT-4 cells in the presence of increasing concentrations of amprenavir (@),
darunavir (A), GRL-0519 (A}, or GRL-0529 (O). Each passage of virus was conducted in a cell-free manner.
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6pP-1 12/18
6p—2 1/16
6P-3 1/16
6pP-4 1/18
6pP-5 1/16
13p-1 8/1¢9
13p-2 7/18
13p-3 1/19
13p-4 1/19
13p-5 1719
13p~6 1718
22p-1 10714
22p-2 1/14
22p-3 1/14
22pP-4 1/14
22p~5 1/14
29p-1 11/22
29p-2 3/22
29p-3 1/22
29p~4 1722
29p-5 1/22
29p-6 1722
29p-7 1/22
29p-38 1/22
29pP-9 1/22
29p-10 1/22
37p-1 17/26
37p-2 3/26
37p-3 1/26
37p-4 1/26
37p-& 1/26
37p-6 1/26
37p-7 1/26
37p-8 1/28

FIG 3 Amino acid sequences of the protease-encoding regions of HIV-1y;, 5 variants selected in the presence of GRL-0519. The amino acid sequences of
protease, deduced from the nucleotide sequence of the protease-encoding region of each proviral DNA isolated at each indicated time, are shown. The amino acid
sequence of the wild-type HIV-1,y ,_; protease is illustrated at the top as a reference.

shown). However, no such APV resistance-associated amino acid
substitutions emerged during the GRL-0519 selection (Fig. 3). Ad-
ditionally, HIV-1 selected with GRL-0519 (HIV;,4"ps,) acquired the
following Gag amino acid substitutions: E17K and V84A in the ma-
trix (MA) region and G61E and D152N in the CA region.
HIV,, o ps, fails to replicate at a low concentration of GRL-
0519. Since the replicative capacity of HIV ;4 p5, Was thought to

A )
1500 . —O— Without GRL-0519
~A— 0.005 uM
O 0.01 uM
T 1000 -  —<— 0.015uM
S
£
<
o~
jo%
w
(1)< 2 3|
1 3 5 7

be reasonably well maintained despite the presence of GRL-0519,
as mentioned above, we determined the replication kinetics of
HIVs;68ps, and HIV-1yr, 5. As shown in Fig. 4A, HIV-1yy, 5
failed to replicate in the presence of aslittle as 0.005 uM GRL-0519
during the entire culture period of 7 days. However, HIV; %55,
was capable of replicating in the presence of 0.005 and 0.01 pM
GRL-0519, and the amount of p24 produced in the culture

B. )
1500 —@- Without GRL-0519
A~ 0.005 M
- 0.01 .M
—4— 0.015uM

1000 +

500 -

~N ¢

1 3
Days post-infection

FIG 4 Replication kinetics of HIV-1yy; o 5 and HIV5;6%p5,. MT-4 cells (3.2 X 10°) were exposed to a HIV-1yy; . or HIV-15,4%,,, preparation containing 10 ng/ml
p24 in 6-well culture plates for 3 h, and the MT-4 cells were washed with fresh medium and divided into 4 fractions, each cultured with or without GRL-0519
(final concentration of MT-4 cells, 10*/ml; drug concentrations, 0, 0.005, 0.01,and 0.015 pM). The amount of p24 in each culture flask was measured every 2 days

for up to 7 days, once at each time point.
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TABLE 5 Roles of 3 amino acid substitutions that emerged during
selection with GRL-0519 on GRL-0519’s anti-HIV-1 activity

Virus® GRL-0519 ECs, (nM)?
HIV-1,;, 5 0.5 + 0.1
HIV-15,6%, 6.0 + 1.4 (12)
HIV-1ygs 12 +0.2(2)
HIV-1a7:1 14 £06(3)
HIV-1ygy0 3.2 = 0.1 (6)

4 HIV-1g 431, HIV-1 45,1, and HIV-1yg,; were created using a HIV-1yy; 4 5 plasmid
clone.

® The ECs, values were determined with MT-4 cells, employing a p24 assay. The data
shown represent mean values (1 SD) derived from the results of two or four
independent experiments. The numbers in parentheses represent the fold changes of
ECsqs compared to the value against HIV-1yy 4.3

medium reached the amount without GRL-0519 by day 7.
However, HIV 5,555, failed to replicate in the presence of 0.015
M GRL-0519, and no p24 was detected throughout the cul-
ture period (Fig. 4B).

Roles of 3 amino acid substitutions that emerged during se-
lection with GRL-0519 in GRL-0519’s anti-HIV-1 activity. We
also examined the roles of 3 substitutions that emerged during the
GRL-0519 selection experiment, K431, A71T, and V82], using sin-
gle-amino-acid substitutions carrying HIV-1y, , ; variants. First,
we determined the exact ECs, of GRL-0519 against HIV ;4%
using a p24 assay. GRL-0519 suppressed the replication of
HIV,,;Rps, with an EC, of 6.0 nM, 12-fold different from the
ECsq against HIV-1, 4 5 (Table 5). Next, we determined ECss of
GRL-0519 against 3 single-amino-acid substitution-containing
HIV-1ypss variants (HIV-1g,s, HIV-1,5,0, and HIV-1ggy)).
GRL-0519 inhibited the replication of HIV-1y 5, HIV-1,,,1, and
HIV-1ygq with ECgs of 1.2, 1.4, and 3.2 nM, respectively (differ-
ences were 2-, 3-, and 6-fold compared to those against HIV-
1np4-3 respectively) (Table 5).

In vitro selection of a mixture of 8 HIV-1,,p variants resis-
tant to GRL-0519. As described above and as shown in Fig, 2, the
emergence of HIV-1 variants resistant to GRL-0519 was much
delayed, and it took as many as 37 passages (37 weeks) for the virus
to acquire its replicative activity in the presence of low concentra-
tions (~0.01 pM). Thus, we attempted to select out GRL-0519-
resistant variants using a mixture of 8 multidrug-resistant clinical
isolates (HIV-1,g) as a starting HIV-1 population, as previously
described (28, 32). We performed an additional selection experi-
ment with MT4 cells and a mixture of 8§ HIV-1,,py variants as a
starting virus population, with APV, DRV, and GRL-0519 and
-0529. Similar to the results of selection experiments using MT-4
cells and HIV-1yy;, 5, the emergence of HIV-1 strains capable of
replicating in the presence of GRL-0519 was significantly delayed
compared to the cases with APV and DRV (Fig. 5).

Structural analyses of GRL-0519 interactions with protease.
We have recently reported the crystal structure depicting the bind-
ing mode and interactions of GRL-0519 with protease (17). GRL-
0519 has a tris-THF moiety as its P2 ligand, and DRV has a bis-
THE group as its P2 ligand (Fig. 1). Another difference is that
GRL-0519 has a methoxybenzene as a P2’ ligand, whereas DRV
has an aniline. We analyzed the crystal structure of GRL-0519 with
protease and compared it with the structure of protease com-
plexed with DRV. We found that the oxygens of the first and
second THF rings of GRL-0519 form hydrogen bond interactions
with the backbone amide nitrogens of Asp-29 and Asp-30 in the S2

2042 aac.asm.org

binding pocket of the protease (Fig. 6A). The urethane NH of
GRL-0519 forms a hydrogen bond with Gly-27. The hydroxyl
group of GRL-0519 forms hydrogen bonds with the catalytic
Asp-25 and Asp-25'. The carbonyl oxygen and the sulfonamide
oxygen of GRL-0519 form polar interactions with Ile-50 and Ile-
50" in the protease flap through a bridging water molecule. These
interactions are also seen for DRV (Fig. 6B). In fact, the polar
interactions with Gly-27, Ile-50, and Ile-50’, as well as with Asp-25
and Asp-25’, are also seen for other protease inhibitors (33, 34).
The oxygen of the methoxybenzene (P2' ligand) of GRL-0519
forms a hydrogen bond with the backbone amide nitrogen of Asp-
30" in the S2' site of protease. This interaction at the S2' site is
different in the case of DRV. DRV has an aniline as the P2’ ligand,
and it forms polar interactions with the backbone carbonyl oxy-
gen of Asp-30'. The third THF ring of the tris-THF has water-
mediated interactions with Thr-26 and Arg-8 involving 6 bridging
water molecules. We also analyzed the van der Waals interactions
between GRL-0519 and protease (Fig. 7). The methoxy moiety of
GRL-0519 makes good van der Waals contacts with the Asp-29’
and Asp-30' residues at the S2' site of protease (Fig. 7A). The
contacts seem stronger than the interactions of the corresponding
amine group of DRV (Fig. 7B). Analysis of the crystal structure of
protease complexed with DRV had suggested that there is room

GRL-0529

GRL-0519

Drug concentration (uM)

0.001

0.0001

1 5 10 15 20 25 30
Passages (wk)

FIG 5 In vitro selection using a mixture of 8 multi-Pl-resistant HIV-1,p
isolates. A mixture of 8 different multi-PI-resistant clinical HIV-1 isolates was
propagated in MT-4 cells in the presence of increasing concentrations of am-
prenavir (@), darunavir (A), GRL-0519 (A), or GRL-0529 (O). Each passage
of virus was conducted in a cell-free manner. The amino acid substitutions
identified in the protease-encoding regions of 2 different multi-PI-resistant
clinical isolates compared to the consensus type B sequence cited from the Los
Alamos database include L10I, 115V, E35D, N37E, K45R, 154V, L63P, A71V,
V82T, L90M, 193L, and C95F in HIV-1pg,4 and L10R, N37D, M461, 162V,
L63P, A71V, G73S,V77IV82T, L90M, and 193L in HIV-1,,pp/ss- The amino
acid substitutions of the other 6 HIV-1,,n, variants are given in Table 3,
note 4.
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Darunavir

FIG 6 Hydrogen bond interactions of GRL-0519 and darunavir with protease. The interactions between protease-GRL-0519 (PDB ID, 30K9) and protease-
DRV (PDB ID, 2IEN) complexes as determined from their respective crystal structures were analyzed. (A and B) Similar interactions between protease—~GRL-
0519 (A) and protease-DRV (B) complexes. GRL-0519 has polar interactions with Asp-29, Asp-30, Gly-27, Asp-25, and Asp-25. It has polar interactions with
Ile-50 and Ile-50" through a bridging water molecule. The protease-DRV complex also has these polar interactions. Both inhibitors have polar interactions with
different backbone atoms of Asp-30’ in the S2’ site of the protease. GRL-0519 interacts with the backbone amide nitrogen, whereas DRV interacts with the
carbonyl oxygen. (Cand D) The interactions of tris-THF (C) and bis-THF (D) moieties with water molecules highlight differences in the polar interactions of the
two inhibitors. The additional THF ring of GRL-0519 interacts with an extra water molecule and has four more polar interactions than DRV. The figures shown
here were made with Maestro version 9.3 (Schrédinger, LLC, New York, NY, 2012).

for an extra THF moiety to make additional contacts with pro-
tease. The crystal structure examined in the present study con-
firms that the tris-THF fully occupies the binding cavity and forms
better van der Waals contacts with protease than the bis-THF of
DRV (Fig. 7C and D). Contact (C) is defined by the following
formula: C = D,,/(R, + R,), where Dy, is the distance between
atoms 1 and 2 and R, and R, are the van der Waals radii of atoms
1and 2. A good contact is defined as follows: 1.30 > C > 0.89.
The tris-THF moiety increases water-mediated polar inter-
actions with protease. We further analyzed the polar interactions
around the tris-THF ring of GRL-0519. The crystal structure
shows that there are several water molecules that form polar in-
teractions with GRL-0519 and bridge polar interactions with pro-
tease (Fig. 6C). Three water molecules, Wat-1, Wat-2, and Wat-3,
form a tight network of hydrogen bonds among themselves and
mediate polar interactions between GRL-0519 and the active-site
residues. Wat-1 directly bridges the polar interactions between the
oxygen of the second THF of GRL-0519 and Asp-29. The oxym-
ethyl oxygen of the third THF ring of GRL-0519 enhances the
strength of these networks of hydrogen bonds by its polar inter-
actions with Wat-3 and Wat-4 (Fig. 6C). Wat-2 and Wat-3 also
bridge the polar interaction between the oxymethyl of the third
THE and Arg-87. There is one polar interaction between the third
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oxymethyl and Arg-8' through Wat-3 and another network of
polar interactions through Wat-4, Wat-5, and Wat-6. The crystal
structure of DRV indicates the presence of five water molecules in
this region compared to six present for GRL-0519 (Fig. 6D). The
tris-THF of GRL-0519 and the additional water molecule are re-
sponsible for forming a total of 18 hydrogen bonds in this region
compared to 14 for DRV, which has a bis-THF group as its P2
ligand.

DISCUSSION

GRL-0519, which contains a unique cyclic ether-derived nonpep-
tide P2 ligand, #ris-THF, and a sulfonamide isostere, suppressed
the replication of a wide spectrum of wild-type HIV-1 and HIV-2
strains with extremely low ECsys (Table 1). GRL-0519 was highly
potent against a variety of multidrug-resistant clinical HIV-1 iso-
lates with ECsys ranging from 0.0008 to 0.0034 M, while the
existing FDA-approved PIs examined either failed to suppress the
replication of those isolates or required much higher concentra-
tions for viral inhibition (Table 3). GRL-0519 also efficiently
blocked, with an ECs, of 0.03 puM, the replications of a highly
DRV-resistant variant (HIV gy pao)> to which the three PIs (APV,
ATV, and LPV) had ECsys of >1 pM and DRV had an ECg, of
0.255 uM (Table 3). Moreover, GRL-0519 exerted potent activity
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GRL-0519

FIG 7 van der Waals interactions of GRL-0519 and darunavir with protease. GRL-0519 is shown as sticks (green carbons), and the van der Waals surfaces of
selected moieties of GRL-0519 and its complexed protease are shown in gray and blue, respectively. DRV is shown as sticks (gray carbons), and the van der Waals
surfaces of selected moieties of DRV and its complexed protease are shown in yellow and plum, respectively. (A and B) van der Waals interactions between the
benzomethoxy of GRL-0519 and Asp-29' and Asp-30’ of protease (A) and interactions between the aniline of DRV and Asp-29' and Asp-30’ of protease (B). The
surface interactions suggest that the methoxy group of GRL-0519 makes stronger van der Waals interactions with Asp-29’ and Asp-30’ of protease than does
DRV. (C and D) The molecules are rotated to show the van der Waals surface interactions of the #ris-THF (C) and bis-THF (D) moieties with protease. The
tris-THF group of GRL-0519 forms better van der Waals contacts at the S2 site of protease than the bis-THF of DRV. The figures were made with Maestro version

9.3 (Schrodinger, LLC, New York, NY, 2012).

against laboratory Pl-selected HIV-1 variants (except HIV-
1pv"sun) With significantly low ECsgs (Table 2). GRL-0519 was
less potent against HIV-1,p,"s . with an ECy, of 38.0 nM (a
76-fold difference), presumably due to the structural resemblance
between GRL-0519 and APV, both of which contain a sulfon-
amide isostere (Fig. 1).

In an attempt to explain why GRL-0519 showed such potent
activity against both wild-type and drug-resistant variants, we an-
alyzed the crystal structure of the protease-GRL-0519 complex
with protease (PDB ID, 30K9). GRL-0519 has strong polar inter-
actions with multiple regions of protease (Fig. 6A and C). The
oxygens from two of the THF rings of GRL-0519 have strong polar
interactions with the backbone amide nitrogens of Asp-29 and
Asp-30. GRL-0519 also forms hydrogen bonds with Gly-27 and
with the side chains of the catalytic aspartates, Asp-25 and Asp-
25'. The sulfonamide oxygen and the carbonyl oxygen form polar
contacts with Ile-50 and Ile-50" in the flap through the bridging
water molecule. Comparison of the crystal structures of protease
complexes with GRL-0519 and protease complexes with DRV
highlights the similarities and differences in interactions between
these two inhibitors. The two oxygens from the bis-THF of DRV
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form hydrogen bond interactions with the backbone amide nitro-
gens of Asp-29 and Asp-30 (Fig. 6B). DRV also forms polar inter-
actions with Gly-27, Asp-25, and Asp-25' and polar contacts with
the protease flap through the bridging water molecule. However,
there are important differences in the interactions of GRL-0519
and DRV with protease. An additional water molecule (Wat-3 in
Fig. 6C) around the tris-THEF ring of GRL-0519 is observed in the
crystal structure. This water molecule forms hydrogen bond in-
teractions with the third THF ring of GRL-0519 and enhances the
polar contact through a network of hydrogen bonds with Asp-29,
Thr-26, Arg-87, and Arg-8'. There are four additional polar con-
tacts arising out of the presence of the third THF ring of GRL-0519
and Wat-3 compared to the water-mediated polar interactions in
this region of the protease complexes with DRV (Fig. 6D). Even
though both GRL-0519 and DRV form polar interactions with the
backbone atoms of Asp-30' in the S2’ site, they interact with dif-
ferent sets of atoms (Fig. 6A and B). GRL-0519 forms the hydro-
gen bond with the amide nitrogen, whereas DRV forms polar
contact with the carbonyl oxygen of Asp30’. The van der Waals
surface interactions of GRL-0519 and DRV are also different (Fig.
7A to D). The tris-THF and methoxy group of GRL-0519 form
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stronger van der Waals contacts with the 52 and S2’ sites of pro-
tease, respectively. These interactions are stronger than the corre-
sponding interactions of the bis-THF and aniline groups of DRV.

It should be noted that GRL-0519, as previously reported (35),
blocks the dimerization of HIV-1 protease monomer subunits
more potently, by at least 10-fold, than DRV, as examined by a
fluorescence resonance energy transfer (FRET)-based HIV-1 ex-
pression assay that uses cyan (CFP) and yellow (YFP) fluorescent
protein-tagged protease monomers (17). Considering that the
dimerization of HIV-1 protease subunits is an essential process for
its acquisition of proteolytic activity, which plays a critical role in
the maturation and replication of the virus (36), the potent activ-
ity of GRL-0519 to block protease dimerization should also con-
tribute to the greater antiviral potency of GRL-0519 than of DRV.
Taken together, the stronger polar and nonpolar contacts of GRL-
0519 with protease, as observed in its crystal structure, in addition
to its potent activity to block protease dimerization, are likely to be
responsible for its much more potent antiviral activity than that
of DRV.

In our study, all the PIs examined showed no significant reduc-
tion of antiviral activity with the addition of HSA (Table 4). In
contrast, the addition of AAG substantially reduced the antiretro-
viral activities of APV, ATV, and DRV by more than 9-fold, and
their ECs,s increased to 286.3, 32.7, and 33.8 nM, respectively.
However, the reduction with GRL-0519 was only 4-fold, and its
absolute ECs, was as low as 2.4 nM (Table 4). AAG is an acute-
phase protein, and its concentration can increase upon injury,
surgery, inflammation, malignancy, and infection, including
HIV-1 infection (29, 37). Therefore, this feature of GRL-0519 may
represent an advantage for its potential clinical application.

In our HIV-1y,, s selection experiment using GRL-0519, the
emergence of GRL-0519-resistant variants was substantially de-
layed compared to other PIs and DRV. The use of a mixture of
multiple-drug-resistant HIV-1 isolates can expedite the emer-
gence of varjants resistant to the drug used for the selection in vitro
through homologous recombination and should reflect what oc-
curs within individuals harboring a number of drug-resistant
HIV-1 species (quasispecies) (28, 32). Thus, in this study, we also
employed the mixture of 8 different multi-PI-resistant clinical iso-
lates as a starting viral population (Fig. 5). In the present study, by
passage 37, 3 major amino acid substitutions (K431, A71T, and
V82I) were identified in PR of HIV-1y; 4.5 The residue V82 is
located in the vicinity of the binding pocket of the protease and
forms van der Waals contact with GRL0519. The V82A substitu-
tion is reportedly associated with resistance against various pro-
tease inhibitors (33, 34). However, K43 and A71 are distal from
the inhibitor binding pocket and have no direct association with
GRLO0519. Thus, it is likely K431 and A71T are secondary substi-
tutions. It is particularly noteworthy that we failed to select the
A28S amino acid substitution in the present selection experiment
with GRL-0519. In our previous studies of potent PIs, such as
TMC-126 and GRL-1398, containing a paramethoxy group in the
P2’ site, the A28S amino acid substitution was identified as a re-
sistant variant (19, 25). In this regard, the combination of #ris-
THEF as the P2 ligand and the paramethoxy moiety at P2’ seems to
have prevented the selection of the A28S substitution as a resistant
variant.

The tris-THF moiety has more interactions with the S2 site
of the protease than the bis-THF present in either TMC-126 or
DRYV. Also, the p-OCH3 moiety seems to have more favorable van
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der Waals interactions with the S2 site than DRV (Fig. 7). It would
be reasonable to expect that the combination of tris-THF and
p-OCHS3 may increase the activity, but the antiviral data suggest
that GRL-0519 and TMC-126 have essentially the same antiviral
activity (see Table S1 in the supplemental material). For any po-
tential antiretroviral agents (including protease inhibitors) to ex-
ert their antiretroviral activity even in vitro, multiple factors are
involved. They include (i) structural stability in culture medium,
as well as in the cytoplasm; (ii) permeability into cells; and (iii)
compartmentalization. Moreover, such potential antiretroviral
agents have to tightly bind to the active site of the target viral
protein (ie., the protease active site) but should not bind to cel-
lular proteins critical to the survival and functionality of the cells.
It is possible that while GRL-0519 has greater interactions derived
from the presence of the #ris-THF group, those interactions are
not directly reflected in the ultimate antiretroviral activity.

Since the GRL-0519-selected variant, HIV;,®ps,, was thought
to be substantially replication competent, the replication kinetics
of HIV-1yq 4 5 and HIV,, o®;,, were compared in the presence and
absence of GRL-0519. The data showed that HIV-1,,_; failed to
replicate in the presence of 0.005 wM GRL-0519 and that
HIV;,4%ps7 did the same in the presence of 0.015 uM GRL-0519
throughout the 7-day culture period (Fig. 4). The concentration
range of 0.005 to 0.015 wM is relatively easily achieved in the
clinical use of various PIs. For example, the peak and nadir plasma
levels of DRV were ~7.1 and 3.4 uM when 400 and 100 mg of
DRV/RTV were administered twice daily for 7 days (38). Consid-
ering that the ECsos of GRL-0519 are extremely low, ranging from
0.0005 to 0.030 M (Tables 1 to 4), and that GRL-0519s selectiv-
ity index of 63,714 is highly favorable compared to other conven-
tional PIs examined in this study (Table 1), both the anti-HIV
potency and safety of GRL-0519 could be favorable, although the
efficacy and emergence of adverse effects should be ultimately
determined by controlled clinical trials.

In conclusion, GRL-0519 possesses a number of fairly favor-
able features for the development of the compound as a potential
therapeutic for HIV-1 infection and AIDS. However, its oral bio-
availability, pharmacokinetics/pharmacodynamics, and biodistri-
bution remain to be determined, and further investigation is war-
ranted.
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